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Abstract 

Paracrine signaling mechanisms play a critical role in 
both normal mammary gland development and breast 
cancer. Dissection of these mechanisms using 
genetically engineered mouse models has provided 
significant insight into our understanding of the 
mechanisms that guide intratumoral heterogeneity. In 
the following perspective, we briefly review some of 
the emerging concepts in this field and emphasize 
why elucidation of these pathways will be important 
for future progress in devising new and improved 
combinatorial therapeutic approaches for breast and 
other solid cancers. 



Introduction 

One of the basic tenets of developmental biology is that 
there are signaling cells responsible for generating local fac- 
tors and target cells that respond to these neighboring cues 
to regulate cell fate and developmental outcome [1]. These 
signaling interactions can be between tissue compartments 
(for example, epithelial-stromal interactions) or within a 
given tissue compartment (for example, interactions be- 
tween epithelial cells). Accordingly, cell-cell interactions 
and paracrine signaling play critical roles in the regulation 
of tissue morphogenesis, including in mammary gland de- 
velopment [2], This review is focused on interactions be- 
tween epithelial cells, although interactions with cells in 
the microenvironment, especially cells of the immune sys- 
tem, are equally important components of these paracrine 
regulatory networks (for an excellent review, see [3]). 

In systems biology, there has generally been a tendency 
to overlook these types of interactions and instead to 
model signal transduction pathways in a cell-autonomous 
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manner. Although there has been increasing emphasis on 
the interaction of breast cancer cells with their micro- 
environment, less attention has been placed on under- 
standing the potential of cell-cell and paracrine 
interactions within the heterogeneous tumor environ- 
ment. These signaling interactions likely shape the diverse 
cellular phenotypes that constitute the heterogeneous 
landscape within individual tumors. 

In the past few years, deep sequencing of breast cancers 
has revealed enormous intratumoral heterogeneity [4]. 
This heterogeneity has been hypothesized to arise in part 
through branched Darwinian evolution of genetically di- 
verse subclones that arise during tumor progression [5], 
Single-cell analysis has revealed even greater genetic diver- 
sity and supports the idea that tumors progress by punctu- 
ated clonal expansions [6]. These diverse clones display 
variability with respect to both their tumor propagation 
ability and responses to therapy [7]. Tumors that display 
the greatest degree of genetic instability are also often the 
most refractory to treatment [8]. In addition to genetic di- 
versity, the varied functional properties of cellular subpop- 
ulations within tumors are influenced by epigenetic 
factors. Though not mutually exclusive with the clonal se- 
lection hypothesis, the cancer stem cell hypothesis posits 
the existence of a self-renewing population of cells that 
have 'the developmental potential to recapitulate all the 
cell types found in a given tissue' [9]. Furthermore, a 
'niche' microenvironment is thought to be important in 
the regulation of stem cell quiescence and differentiation. 
This niche may be composed of either additional tumor 
cells or cells from the microenvironment, such as fibro- 
blasts and endothelial cells, or both. 

Given that different cellular subpopulations can show 
large differences in regenerative behavior and treatment 
response, both within a given tumor and across a collec- 
tion of tumors, a better understanding of the relation- 
ships among the different cell subpopulations within 
breast cancers will be critical to the development of new 
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and improved therapeutics. Clearly, deciphering the 
mechanisms involved in this complex biology in breast 
cancer is a daunting task, especially if (as suggested by 
deep sequencing) each cancer may be unique. If each 
tumor follows its own set of growth regulatory rules 
based on its own cellular makeup and genetic/epigenetic 
diversity, how can these differences be understood 
within a unifying context? 

An alternative complementary approach to unraveling 
intratumoral heterogeneity is to better elucidate the be- 
haviors of different cell populations during normal 
mammary gland development. Unlike breast cancer, in 
which the cells may have heterogeneous properties due 
to various mutations, the 'normal' luminal and basal 
mammary epithelial cell types that are composed of stem 
and progenitor cells should have more predictable devel- 
opmental behaviors [10]. Thus, as a first step in this 
process, it would seem self-evident that the best way to 
approach this problem is to try to understand the inter- 
actions between the ligands and receptors in these differ- 
ent compartments during mammary gland development. 
Finally, since the output of a given signaling pathway 
(for example, the Wnt and Notch pathways) will a priori 
be cell context-dependent, studies to determine gene ex- 
pression changes ideally should be performed on defined 
cell subpopulations. In the following, we will briefly 
highlight a few of the important concepts and pathways. 

Paracrine signaling pathways and mammary 
gland development 

The majority of mammary gland development occurs 
post-natally and is regulated by both systemic hormones 
and local growth factors. A role for paracrine signaling 
pathways in mammary gland development was first sug- 
gested by studies in which there was a dissociation of 
the localization of estrogen receptor (ER)-positive and 
progesterone receptor (PR)-positive cells from prolifera- 
tive cells in the ductal epithelium of several mammalian 
species [11-13] (Figure 1A). These descriptive studies 
were complemented by elegant genetic studies in which 
mammary gland chimeras were generated by transplant- 
ing mixtures of wild-type mammary epithelial cells 
(MECs) and ER- or PR-null MECs into the cleared fat 
pads of recipient mice. In both cases, the presence of 
wild-type cells rescued the null phenotype (that is, the 
lack of alveologenesis observed with PR-null transplants 
or the failure to obtain ductal outgrowths with ER-null 
transplants) [14-16]. These studies represented formal 
genetic proof that paracrine factors made by the wild- 
type cells were acting on steroid receptor-null cells to fa- 
cilitate normal ductal and alveolar morphogenesis. Thus, 
studies of chimeric outgrowths in the mammary gland 
are similar but not identical to the kinds of clonal 



analyses performed in the Drosophila eye to distinguish 
cell-autonomous from non-autonomous pathways. 

A number of paracrine mediators have been identified 
that might account for the effects of steroid hormones. 
Receptor activator of nuclear factor kappa-B ligand 
(RANKL), Wnt 4, and IGF-II were all identified as poten- 
tial paracrine mediators of PR [17-19], whereas amphire- 
gulin was suggested to be a critical paracrine mediator of 
ER [20] (Figure 1A). Furthermore, several of these media- 
tors have been shown to be required for progesterone- 
and estrogen-induced proliferation in the mammary gland 
both in genetically engineered mouse models [21] and 
more recently in tissue microstructures isolated from pri- 
mary human reduction mammoplasties [22]. Thus, these 
hormonal mechanisms are apparently conserved across 
species [22]. Mammary stem cells (MaSCs) have also been 
shown to be sensitive to steroid hormones despite the lack 
of steroid receptors in MaSCs [23]. Consistent with this 
observation, progesterone-regulated RANKL and Wnt 4 
have been demonstrated to induce mammary stem cell ex- 
pansion [24]. More recently, progesterone-RANKL para- 
crine signaling also has been shown to regulate Elf5 
expression in luminal progenitors [25]. In these studies, 
progesterone-induced side branching and the expansion 
of Elf5 + mature luminal cells were prevented by inhibition 
of RANKL action. Thus, steroid hormone-regulated para- 
crine mechanisms may affect luminal and basal cells as 
well as stem and progenitor cells, potentially in both 
compartments. 

Two independent studies performed in our laboratory 
also illustrate the importance of paracrine signaling 
mechanisms in the mammary gland. While investigating 
the role of Hedgehog signaling in the mammary gland, 
we showed that ectopic expression of the Hedgehog ef- 
fector protein Smoothened (Smo) is commonly observed 
in a subset of cells in early breast disease but that these 
Smo-expressing cells are largely quiescent despite ele- 
vated proliferation in the surrounding lesion [26]. When 
a conditional allele of constitutively active Smo activated 
by either a mouse mammary tumor virus or adenoviral- 
Cre recombinase was used, high levels of proliferation 
were observed in cells adjacent to or in close proximity 
to but not in the Smo-expressing cells, demonstrating a 
paracrine induction of proliferation by ectopic SMO 
expression [27]. 

In studies of fibroblast growth factor receptor (FGFR) 
signaling analogous to those performed with the steroid- 
receptor chimeric outgrowths, deletion of both FGFRs 
inhibited mammary ductal outgrowths and led to a loss of 
the basal/MaSC population [28]. Surprisingly, a 10-fold ex- 
cess of wild-type cells was able to rescue the FGFRl/2-null 
cells. Intriguingly, in gain-of-function studies, activation of 
FGFR1 has been shown to rapidly induce amphiregulin ex- 
pression, and FGFR-induced tumorigenesis was shown to 
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Identification of subtype-specific signaling 

Luminal Basal-like Claudin-low 

Progesterone/RANKL NF-kB -»Jag1/Notch TGF-p signaling 
Wnt signaling 

Figure 1 Signaling interactions in mammary development and cancer. (A) An abbreviated view of paracrine interactions in mammary 

development. Estrogen receptor alpha/progesterone receptor-positive (ERci/PR + ) cells provide extrinsic cues to ERct/PR~ cells to enable proliferation. 

Hormone-specific paracrine mediators involve amphiregulin, which acts downstream of estrogen, and RANKL (receptor activator of nuclear factor kappa-B 

ligand) and Wnt4, which act downstream of progesterone signaling. Other known paracrine mediators involve Wnts, fibroblast growth factors (FGFs), 

insulin-like growth factor, bone morphogenetic proteins, transforming growth factor-beta (TGF-P), and Notch; however, owing to space limitations, not 

all are depicted in this simple model. (B) Breast cancer subtypes reveal both inter- and intratumoral heterogeneity. Studies have identified interactions 

between ERa + cancer cells and ERcf cancer cells involving epidermal growth factor, FGF, and Notch interactions. The identification of signaling crosstalk 

between cancer cell subpopulations within breast cancer subtypes remains a challenge, yet certain pathways have been identified, including PR/RANKL, 

Wnt, Notch, and TGF-fi. Further studies are required to elucidate the details of subtype-specific differences in paracrine signaling pathways. Cells 

of the microenvironment (not depicted in this graphic) provide another layer of complexity and play an instrumental role in tumor progression 

and heterogeneity. EGFR, epidermal growth factor receptor; FGFR, fibroblast growth factor receptor; MaSC, mammary stem cell; NF-kB, nuclear 

factor kappa-light-chain-enhancer of activated B cell. 
* J 



be dependent on epidermal growth factor receptor signal- 
ing [29]. Thus, both ER and FGFR appear to regulate 
amphiregulin expression perhaps in luminal cells. Mem- 
bers of the erbB family of receptors, such as erbB3, have 
also been shown to be important regulators of the balance 
of luminal and basal mammary epithelium [30]. ErbB3 is 



expressed primarily in the luminal epithelium, and dele- 
tion in the luminal but not the basal epithelium resulted in 
growth of the basal cells, in part due to induction of cyto- 
kines such as IL-6 in the luminal epithelial cells [30]. 

One of the most complicated paradigms to understand 
with respect to mammary gland development and breast 
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cancer is illustrated by the Wnt pathway. There are 19 
mammalian Wnt ligands, 10 frizzled receptors, and 
other non-frizzled tyrosine kinase receptors like Rorl, 
Ror2, and Ryk, together with co-receptors such as LRP5 
and LRP6 that can signal through a variety of down- 
stream pathways. The ligand-receptor context is viewed 
as a key determinant of whether the Wnt signaling out- 
put is through the canonical [3-catenin-dependent path- 
way or alternative non-canonical [3-catenin-independent 
pathways [31,32]. In addition, R-spondins and various 
leucine-rich repeat containing G protein receptors are 
expressed and play important roles in mammary gland 
development, specifically with regard to stem cell func- 
tion [32-34]. Many studies thus far have centered around 
Wnt and stem cell function; however, Wnt ligands and 
receptors exhibit striking specificity in their expression 
throughout development. These observations highlight 
the potential differential functions of Wnt pathway com- 
ponents in luminal and basal cells in the mammary 
gland and even within different subpopulations of cells 
in breast cancer, specifically where Wnt signatures seem 
to be evident in basal-like breast cancers [35,36]. Thus, 
understanding the precise integration of signaling down- 
stream of these ligands and receptors using genetic ap- 
proaches remains a complicated task. 

Wnt signaling is critical for mammary stem cell self- 
renewal with unique developmental stage and time de- 
pendencies [32,37,38]. Intriguingly, recent studies using 
embryonic stem cells have suggested that localized Wnt 
signals can orient asymmetric stem cell division [39]. In 
the mammary gland, localized Wnt signaling most likely 
plays a critical role in regulating the orientation of cell 
division and the cellular fate during development. Add- 
itionally, as with many signaling pathways, the activity of 
the signaling event is not indicated simply by an 'on or 
off state but is instead measured by the level and dur- 
ation of the signaling [40]. Recent studies suggest that 
elevated paracrine Wnt signals in the context of tumori- 
genesis can exert distinct outcomes on the receiving 
cells within breast xenograft models and emphasize the 
challenge of deciphering Wnt interactions in vivo [41]. 
An understanding of the regulation of Wnt ligand ex- 
pression by systemic hormones, the spatial and temporal 
heterogeneity of ligand and receptor expression, and the 
cell context dependence of Wnt signaling, therefore, will 
be required before we will fully elucidate its role in 
mammary gland development. Modeling these complex 
cell-cell and paracrine interactions during normal devel- 
opment will be an important prerequisite for developing 
new therapies for breast cancer. 

Paracrine signaling in breast cancer 

Although the genetic and epigenetic landscape of a tumor 
is immensely different than that of its normal counterpart, 



the cellular heterogeneity exhibited in tumors is strongly 
influenced by cell-cell and paracrine interactions. The 
concept that these developmental cues are intact and ac- 
tive in the context of cancer is highlighted by studies in- 
volving established breast cancer cell lines and cells from 
patient tumors that display heterogeneity and respond to 
both autocrine and paracrine mediators (Figure IB). For 
example, MCF-7 cells contain a small population of 
ER~ CD44 + /CD24-ESA + stem-like cells which can be 
expanded through an estrogen-induced paracrine FGF/ 
FGFR/Tbx3 signaling pathway [42]. These authors con- 
cluded that 'breast cancer stem cells (CSCs) are stimulated 
by estrogen through a signaling pathway that similarly 
controls normal mammary epithelial stem cell biology'. In 
studies using both established and primary ER + primary 
patient-derived cell lines, both the epidermal growth fac- 
tor and Notch signaling pathways have also been shown 
to operate downstream of estrogen in the regulation of 
ER~ CSCs [43]. Cytokine-induced and epigenetically regu- 
lated NF-kB (nuclear factor kappa-light-chain-enhancer of 
activated B cell) signaling in non-CSCs in triple-negative 
breast cancer cell lines was shown recently to induce 
jagged-1, which was then able to stimulate Notch signal- 
ing in CSCs [44] . Other studies using primarily immortal- 
ized and transformed human mammary epithelial cells, as 
well as primary MECs isolated from reduction mammo- 
plasties, revealed both paracrine and autocrine effects of 
the Wnt and transforming growth factor-beta path- 
ways on the interconversion between primary stem cell/ 
progenitor cell-enriched (basal) and lineage-restricted 
(luminal) MECs [45]. These studies again support the 
hypothesis that both normal and neoplastic epithelial 
cells use very similar stem cell programs. They also 
illustrate the need to study the properties of individual 
cells and not total cell populations when performing both 
high-throughput genetic and small-molecule screens 
using breast cancer cell lines, which is now feasible with 
high-content microscopy. 

Conclusions 

The above studies highlight the conservation of paracrine 
signaling pathways in mice and women as well as in nor- 
mal mammary gland development and breast cancer. In 
normal development, precisely controlled positive and 
negative feedback pathways regulate the level and duration 
of signaling. However, in breast cancer, these feedback 
loops are often disrupted, leading to sustained and in- 
appropriately regulated signaling. The ability to model and 
dissect these pathways genetically will be important for fu- 
ture progress in devising new and improved combinatorial 
therapeutic approaches for breast and other solid cancers. 

Abbreviations 

CSC: cancer stem cell, ER: estrogen receptor, FGFR: fibroblast growth factor 
receptor, IL: interleukin, JAG1 : jagged-1, MaSC: mammary stem cell, 



Rosen and Roarty Breast Cancer Research 2014, 16:202 
http://breast-cancer-research.eom/content/1 6/1 /202 



Page 5 of 6 



MEC: mammary epithelial cell, PR: progesterone receptor, RANKL: receptor 
activator of nuclear factor kappa-B ligand, Smo: Smoothened. 

Competing interests 

The authors declare that they have no competing interests. 
Acknowledgments 

The authors would like to thank Michael Lewis for his comments. This work 
was supported by grant NCI-CA16303 to JMR and grant W81XWH-1 0-1 -0356 
to KR. 



Published: 29 Jan 2014 
References 

1 . Taipale J, Beachy PA: The Hedgehog and Wnt signalling pathways in 
cancer. Nature 2001, 41 1:349-354. 

2. Cowin P, Wysolmerski J: Molecular mechanisms guiding embryonic 
mammary gland development. Cold Spring Harb Perspect Biol 2010, 2: 
a003251. 

3. Coussens LM, Pollard JW: Leukocytes in mammary development and 
cancer. Cold Spring Harb Perspect Biol 201 1, 3:pii: a003285. 

4. Nik-Zainal S, Van Loo P, Wedge DC, Alexandrov LB, Greenman CD, Lau KW, 
Raine K, Jones D, Marshall J, Ramakrishna M, Shlien A, Cooke SL, Hinton J, 
Menzies A, Stebbings LA, Leroy C, Jia M, Ranee R, Mudie LJ, Gamble SJ, 
Stephens PJ, McLaren S, Tarpey PS, Papaemmanuil E, Davies HR, Varela I, 
McBride DJ, Bignell GR, Leung K, Butler AP, et al: The life history of 21 
breast cancers. Cell 2012, 149:994-1007. 

5. Almendro V, Marusyk A, Polyak K: Cellular heterogeneity and molecular 
evolution in cancer. Ann Rev Pathol 2013, 8:277-302. 

6. Navin N, Kendall J, Troge J, Andrews P, Rodgers L, Mclndoo J, Cook K, 
Stepansky A, Levy D, Esposito D, Muthuswamy L, Krasnitz A, McCombie WR, 
Hicks J, Wigler M: Tumour evolution inferred by single-cell sequencing. 
Nature 2011, 472:90-94. 

7. Kreso A, O'Brien CA, van Galen P, Gan 01, Notta F, Brown AM, Ng K, Ma J, 
Wienholds E, Dunant C, Pollett A, Gallinger S, McPherson J, Mullighan CG, 
Shibata D, Dick JE: Variable clonal repopulation dynamics influence 
chemotherapy response in colorectal cancer. Science 2013, 339:543-548. 

8. Turner NC, Reis-Filho JS: Genetic heterogeneity and cancer drug resistance. 
Lancer Onco/ 2012, 13:el78-185. 

9. Clarke MF, Dick JE, Dirks PB, Eaves CJ, Jamieson CH, Jones DL, Visvader J, 
Weissman IL, Wahl GM: Cancer stem cells - perspectives on current status 
and future directions: AACR Workshop on cancer stem cells. Cancer Res 
2006, 66:9339-9344. 

1 0. Rosen JM, Jordan CT The increasing complexity of the cancer stem cell 
paradigm. Science 2009, 324:1670-1673. 

1 1. Clarke RB, Howell A, Potten CS, Anderson E: Dissociation between steroid 
receptor expression and cell proliferation in the human breast. Cancer 
Res 1997, 57:4987-4991. 

1 2. Russo J, Ao X, Grill C, Russo IH: Pattern of distribution of cells positive for 
estrogen receptor alpha and progesterone receptor in relation to 
proliferating cells in the mammary gland. Breast Cancer Res Treat 1999, 
53:217-227. 

1 3. Seagroves TN, Lydon JP, Hovey RC, Vonderhaar BK, Rosen JM: C/EBPbeta 
(CCAAT/enhancer binding protein) controls cell fate determination 
during mammary gland development. Mol Endocrinol 2000, 14:359-368. 

14. Brisken C, Park S, Vass T, Lydon JP, O'Malley BW, Weinberg RA: A paracrine 
role for the epithelial progesterone receptor in mammary gland 
development. Proc Natl Acad Sci USA] 998, 95:5076-5081 . 

15. Mallepell S, Krust A, Chambon P, Brisken C: Paracrine signaling through 
the epithelial estrogen receptor alpha is required for proliferation and 
morphogenesis in the mammary gland. Proc Natl Acad Sci USA 2006, 
103:2196-2201. 

16. Mulac-Jericevic B, Lydon JP, DeMayo FJ, Conneely OM: Defective mammary 
gland morphogenesis in mice lacking the progesterone receptor B 
isoform. Proc Natl Acad Sci USA 2003, 100:9744-9749. 

1 7. Beleut M, Rajaram RD, Caikovski M, Ayyanan A, Germano D, Choi Y, 
Schneider P, Brisken C: Two distinct mechanisms underlie progesterone- 
induced proliferation in the mammary gland. Proc Natl Acad Sci USA 
2010, 107:2989-2994. 



18. Brisken C, Ayyannan A, Nguyen C, Heineman A, Reinhardt F, Tan J, Dey SK, 
Dotto GP, Weinberg RA: IGF-2 is a mediator of prolactin-induced morpho- 
genesis in the breast. Dev Cell 2002, 3:877-887. 

19. Brisken C, Heineman A, Chavarria T, Elenbaas B, Tan J, Dey SK, McMahon JA, 
McMahon AP, Weinberg RA: Essential function of Wnt-4 in mammary 
gland development downstream of progesterone signaling. Genes Dev 
2000, 14:650-654. 

20. Ciarloni L, Mallepell S, Brisken C: Amphiregulin is an essential mediator of 
estrogen receptor alpha function in mammary gland development. Proc 
Natl Acad Sci USA 2007, 104:5455-5460. 

21 . Fernandez-Valdivia R, Mukherjee A, Ying Y, Li J, Paquet M, DeMayo FJ, 
Lydon JP: The RANKL signaling axis is sufficient to elicit ductal side- 
branching and alveologenesis in the mammary gland of the virgin 
mouse. Dev Biol 2009, 328:127-139. 

22. Tanos T, Sflomos G, Echeverria PC, Ayyanan A, Gutierrez M, Delaloye JF, 
Raffoul W, Fiche M, Dougall W, Schneider P, Yalcin-Ozuysal O, Brisken C: 
Progesterone/RANKL is a major regulatory axis in the human breast. Sci 
Transl Med 2013, 5:182ral55. 

23. Asselin-Labat ML, Vaillant F, Sheridan JM, Pal B, Wu D, Simpson ER, Yasuda H, 
Smyth GK, Martin TJ, Lindeman GJ, Visvader JE: Control of mammary stem 
cell function by steroid hormone signalling. Nature 2010, 465:798-802. 

24. Joshi PA, Jackson HW, Beristain AG, Di Grappa MA, Mote PA, Clarke CL, 
Stingl J, Waterhouse PD, Khokha R: Progesterone induces adult mammary 
stem cell expansion. Nature 2010, 465:803-807. 

25. Lee HJ, Gallego-Ortega D, Ledger A, Schramek D, Joshi P, Szwarc MM, Cho C, 
Lydon JP, Khokha R, Penninger JM, Ormandy CJ: Progesterone drives 
mammary secretory differentiation via RankL-mediated induction of 
Elf5 in luminal progenitor cells. Development 2013, 140:1397-1401. 

26. Moraes RC, Zhang X, Harrington N, Fung JY, Wu MF, Hilsenbeck SG, Allred DC, 
Lewis MT Constitutive activation of smoothened (SMO) in mammary 
glands of transgenic mice leads to increased proliferation, altered 
differentiation and ductal dysplasia. Development 2007, 
134:1231-1242. 

27. Visbal AP, LaMarca HL, Villanueva H, Toneff MJ, Li Y, Rosen JM, Lewis MT: 
Altered differentiation and paracrine stimulation of mammary epithelial 
cell proliferation by conditionally activated Smoothened. Dev Biol 201 1, 

352:116-127. 

28. Pond AC, Bin X, Batts T, Roarty K, Hilsenbeck S, Rosen JM: Fibroblast growth 
factor receptor signaling is essential for normal mammary gland 
development and stem cell function. Stem Cells 2013, 31:178-189. 

29. Bade LK, Goldberg JE, Dehut HA, Hall MK, Schwertfeger KL: Mammary 
tumorigenesis induced by fibroblast growth factor receptor 1 requires 
activation of the epidermal growth factor receptor. J Cell Sci 201 1, 
124:3106-3117. 

30. Balko JM, Miller TW, Morrison MM, Hutchinson K, Young C, Rinehart C, 
Sanchez V, Jee D, Polyak K, Prat A, Perou CM, Arteaga CL, Cook RS: The 
receptor tyrosine kinase ErbB3 maintains the balance between luminal 
and basal breast epithelium. Proc Natl Acad Sci USA 2012, 109:221-226. 

31. Clevers H, Nusse R: Wnt/beta-catenin signaling and disease. Cell 2012, 
149:1192-1205. 

32. Alexander CM, Goel S, Fakhraldeen SA, Kim S: Wnt signaling in mammary 
glands: plastic cell fates and combinatorial signaling. Cold Spring Harb 
Perspect Biol 2012, 4:1-28. 

33. de Visser KE, Ciampricotti M, Michalak EM, Tan DW, Speksnijder EN, Hau CS, 
Clevers H, Barker N, Jonkers J: Developmental stage-specific contribution 
of LGR5(+) cells to basal and luminal epithelial lineages in the postnatal 
mammary gland. J Pathol 2012, 228:300-309. 

34. Plaks V, Brenot A, Lawson DA, Linnemann JR, Van Kappel EC, Wong KC, de 
Sauvage F, Klein OD, Werb Z: Lgr5-expressing cells are sufficient and 
necessary for postnatal mammary gland organogenesis. Cell Reports 2013, 
3:70-78. 

35. DiMeo TA, Anderson K, Phadke P, Fan C, Perou CM, Naber S, Kuperwasser C: 
A novel lung metastasis signature links Wnt signaling with cancer cell 
self-renewal and epithelial-mesenchymal transition in basal-like breast 
cancer. Cancer Res 2009, 69:5364-5373. 

36. Khramtsov Al, Khramtsova GF, Tretiakova M, Huo D, Olopade 01, Goss KH: 
Wnt/beta-catenin pathway activation is enriched in basal-like breast 
cancers and predicts poor outcome. Am J Pathol 201 0, 1 76:291 1 -2920. 

37. van Amerongen R, Bowman AN, Nusse R: Developmental stage and time 
dictate the fate of Wnt/beta-catenin-responsive stem cells in the 
mammary gland. Cell Stem Cell 201 2, 1 1 :387-400. 



Rosen and Roarty Breast Cancer Research 2014, 16:202 
http://breast-cancer-research.eom/content/1 6/1 /202 



Page 6 of 6 



38. Zeng YA, Nusse R: Wnt proteins are self-renewal factors for mammary 
stem cells and promote their long-term expansion in culture. Cell Stem 
Cell 20W, 6:568-577. 

39. Habib SJ, Chen BC, Tsai FC, Anastassiadis K, Meyer T, Betzig E, Nusse R: A 
localized Wnt signal orients asymmetric stem cell division in vitro. 
Science 2013, 339:1445-1448. 

40. Hernandez AR, Klein AM, Kirschner MW: Kinetic responses of beta-catenin 
specify the sites of Wnt control. Science 2012, 338:1337-1340. 

41 . Green JL, La J, Yum KW, Desai P, Rodewald LW, Zhang X, Leblanc M, Nusse R, 
Lewis MT, Wahl GM: Paracrine Wnt signaling both promotes and inhibits 
human breast tumor growth. Proc Natl Acad Sci USA 2013, 1 10:6991-6996. 

42. Fillmore CM, Gupta PB, Rudnick JA, Caballero S, Keller PJ, Lander ES, 
Kuperwasser C: Estrogen expands breast cancer stem-like cells through 
paracrine FGF/Tbx3 signaling. Proc Natl Acad Sci U S A 2010, 
107:21737-21742. 

43. Harrison H, Simoes BM, Rogerson L, Howell SJ, Landberg G, Clarke RB: 
Oestrogen increases the activity of oestrogen receptor negative breast 
cancer stem cells through paracrine EGFR and Notch signalling. 
Breast Cancer Res 2013, 15:R21. 

44. Yamamoto M, Taguchi Y, Ito-Kureha T, Semba K, Yamaguchi N, Inoue J: 
NF-kappaB non-cell-autonomously regulates cancer stem cell populations 
in the basal-like breast cancer subtype. Nat Commun 201 3, 4:2299. 

45. Scheel C, Eaton EN, Li SH, Chaffer CL, Reinhardt F, Kah KJ, Bell G, Guo W, 
Rubin J, Richardson AL, Weinberg RA: Paracrine and autocrine signals 
induce and maintain mesenchymal and stem cell states in the breast. 
Ce//2011, 145:926-940. 



10.1186/bcr3610 

Cite this article as: Rosen and Roarty: Paracrine signaling in mammary 
gland development: what can we learn about intratumoral 
heterogeneity? Breast Cancer Research 2014, 16:202 



